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1.0 Introduction 
 
The new Active MHD antennas for JET 
replace the existing n = 1 or 2 saddle coils 
with a set of eight smaller antennas designed 
to excite Toroidal Alfven Eigenmodes 
(TAE's) with high toroidal mode number (n 
~ 10) in the frequency range of 100 kHz - 
200 kHz.   TAE's with these higher mode 
numbers are expected in ITER and could 
enhance the loss of fast alpha particles in a 
burning plasma regime.  By studying the 
properties of stable TAE's excited actively 
by these antennas, high performance 
regimes of operation avoiding unstable fast 
particle driven modes can be found.      In 
this report, the mechanical design is described, and the structural/mechanical  analysis for the antennas is 
presented. Design details have evolved. Currently one antenna module consists of four rectangular 
windings of 4 mm Inconel 718 wire, with 18 turns, wound on ceramic spool pieces. The main structural 
element is a 60 X 120mm Inconel 625 SST box section. The support scheme utilizes cantilevered brackets 
that connect to the saddle coils, and “wing” brackets which add support to the top of the frame. 
Conservative estimates of the disruption currents in the MHD antennas and frame were used to calculate 
loading and resulting stress in the antenna structure. Fields, field transients, and halo current specifications 
were provided by JET. The frame originally was designed as a continuous loop, and  was converted to an 
open structure to break eddy current loops. Antenna eddy currents were computed assuming the antenna is 
shorted. In the latest design, frame forces primarily result from halo currents entering around the mini 
limiters that now protect the antenna windings. Accelerations due to the vessel disruption dynamic response 
were included in the loading. These are small compared with Lorentz loads.  Some dynamic calculations 
have been performed, but due to the complexity of the attachment system. The dynamic response is 
uncertain, and a conservative design is called for, and provided for, in the assumptions regarding the 
loading. Initially, halo current loads were calculated assuming the full inventory of halo current crossed the 
toroidal field and passed downward the full height of the frame to the lower attachment points. To improve 
the loading, the attachment points were connected to their mounting locations through resistive straps 
which have resistances sized to produce currents that minimize net loading. With the addition of resistive 
earths at the four attachment points, a small toroidal current crossed with the  poloidal field component is 
added but the much larger loading due to poloidal currents crossed with toroidal field is much reduced. Due 
to the logistics of implementing the  evolving loads, the more conservative loading based on downward 
current flow, is retained in some of the calculations where analysis consistent with the optimal loading only 
would serve to demonstrate more margin. 
 
2.0 Summary of Results 
 
    TAE antenna frame loads have been calculated for the use of resistive earth straps, 2 mOhm at the top 
two attachment points and 3 mOhm at the lower points. This produces more current at the top two 
connections but the current flow in the verticals and in the main box beam are similar to the currents for 
equal currents top and bottom. The reactions for unequal ground strap resistance are better than for the case 
with equal resistance. Both cases are much improved over the earlier conservative case where halo currents 
were assumed to flow downward to the lower angle clips, and not toroidally through the hinged wings. 
Toroidal electrical continuity through the hinged “wings” adds coupling  with the decaying plasma during a 
disruption. The  addition of the resistive earths at all four attachment points reduces the loading more than 
the toroidal currents increases them. Discussions  of the more conservative design loading is intended to 
envelope some of the uncertainty in the behavior of the antenna during a disruption. The expectation that 
currents will flow according to the resistances of the ground straps neglects local inductive voltages and the 
potential for shadow plasma currents at the attachments. In all cases the halo currents are assumed to be 
equally split between the four vertical posts. The mini limiters need to be appropriately aligned with the 
 
Figure 1.0-2 The configuration around the Fall of 2003. 
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field lines to ensure uniform distribution. There remains some uncertainty in the loading. The present 
design has substantial margin,  especially  if the 625 used in the structures is purchased with the best specs 
available.  
 
     The frame frequency response has not been calculated for the new design, but a time transient has been 
performed. The DLF varies for various points in the frame. The reported results of static analyses are for a 
DLF of 1.0. These are adjusted for a DLF of 1.1, or the specific results from the dynamic analysis are 
quoted. The dynamic response of an earlier antenna and frame model was computed using a time transient 
analysis with the loading assumed as half a sine wave. In that design the antenna was cantilevered only 
from the saddle coils. The attachments are different in the final frame design. The added flexibility of the 
saddle coils and other structures to which the antenna is attached, will compensate for the added rigidity of 
the  four attachment points. The system frequency is not expected to approach that of the 100 Hz disruption 
frequency, and the dynamic loading effects are not expected to add unacceptably to the antenna stresses. 
Even with stiff attachment points assumed, the DLF was about 1.1 
 
     There are some local high stresses that are too high for the fully annealed forms of Inconel 600 and 625 
– especially when de-rated yield based on elevated operating temperatures are included.  These high stress 
points occur at the antenna lead holes, and connection of the vertical box sections to the main “backbone”. 
Annealed – not solution annealed,  material has been specified. Cold worked Inconel 625 would add to the 
margin, but it is harder to form and it higher strength cannot be relied on where effected by welding heat.. 
Renforcement of the lead holes has been invvestigated, but a modest reinforcement of the hole was 
modeled, and this was not as effective as using the higher yield material. And with the loads derived with 
resistive ground straps, the reinforcement is un-necessary. There remains some reinforcement in the form 
of guide tubing that protects the leads from the box edges.  The internal webs have been  added to the 
120X60mm  beam. These are solid blocks with holes drilled through to allow passage of the antenna leads. 
    If Inconel 625 is used for the frame, the R annealed 625 is better than 600, however there is quite a 
degradation of the yield for temperatures above RT. It is expected that the frame will run substantially 
hotter than room temperature. – up to 350C according to ref [9].  the thermal behavior of the mini-limiters 
has not been quantified, and the frame is their only heat sink. Annealed, not solution annealed 625 satisfies 
the stress limits. Use of the cold worked 625 is is still recommended where possible, to obtain as much 
design margin as remote handling weight constraints will allow. 
    An analysis was done with the box section open at the ends, and it was found that end caps were needed 
to reduce the stress where the outer verticals meet the mane box beam.  The intersections of the three 
interior vertical box sections were not reinforced in the earlier models. Adding bulkheads at these 
intersections improved  stresses at the peak stress locations..  Welds of the lower angle clips to the top plate 
of the bracket are not as highly loaded as the back plate of the clip. A 6mm (1/4 in.) fillet both sides, at the 
clip to box connection would yield a strength comparable with the plate and would have an acceptable 
stress. At first, a 6mm back plate was modeled. In an email from Bob Walton, he indicated these plates are 
actually 12mm thick, and in the latest models this thickness was picked off of the Solid Edge model and 
input to the ANSYS models..   The hinge pin used in the “wing” was modeled as 1.6cm in diameter,  for 
the “all downward” Halo current loading, a high strength pin is needed. For the resistive earth loads the pin 
stresses are much reduced. Nimonic pins would provide margin if loading is at all uncertain.  The 4 mm 
wire used in winding the antenna has a peak stress of  236 MPa, which is acceptable for the annealed form 
of Inconel 600. This had been recommended as being easier to bend than the 718 presently specified for the 
wire, however aging the 718 is planned after bending and forming should not be an issue for the 718 wire.  
 
    All four attachment points are assumed not to support moments, and prying action of the single bolt 
attachment at the lower clips was not analyzed. The model was run with two assumptions regarding 
attachment rotational stiffness, and there was only a modest difference, arguing that rotational stiffness of 
the attachments is not important, however, some mechanism to reduce the moment stiffness of the  
attachment should be considered, possibly spherical washers. This might be challenging if the bolts are 
intended as remote handling friendly.  
Table 2.0-1 (Based on  Table 7.1-1) Reaction Forces Computed from the Spreadsheet Loads – 2 mOhm 
Wing Resistance, 3mOhm foot resistance, (Newton)  With a DLF of 1.1 Applied (see Section 8.7) An 
additional 1059N radial load per corner and 851N poloidal load at the lower feet have been added to 
address effects of the antenna wire disruption loads, see  Figure 7.3-2) 
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Location Radial (N) Poloidal (N) Toroidal (N) 
Upper “Wings” (Each 
Assumed no Toroidal) 
8446.6 4098.6 Zero (sliding Joint) 
Lower Clip(each) 8446.6 27455 6098.95 
 
The details of the attachments at the poloidal limiters were analyzed. These were found acceptable with 
some stipulations regarding sections in the clamping cylinder, and the bolt torque spec.  
  The ceramic spoolpiece at the corners of the square antenna winding received a lot of attention. And 
design evolution, changing from a machined MACOR piece to a set of machined and stacked SHAPAL 
disks and finally to alumina disks on a 1 cm centerpost. The frame model shows some toroidal relative 
displacements of the vertical box sections which could translate to an additional loading on the ceramic 
spool pieces. These displacements are shown in section 8.1 of this report.  Insulated struts or straps 
connecting the top-back ends of the box sections had been recommended to limit this displacement.  They 
could be tubes with spherical ball ends connected to the box sections with insulated washers. But this 
addition was troublesome in terms of the remote handling weight limit, and instead credit has been taken 
for the toroidal strength of the antenna wire structure. So the spoolpiece must support some load and allow 
some displacement .Radial motion should be acceptanble on the spool pieces because this produces  a 
flexure of the wires that shouldn't develop much load, rather than a direct tension.This last “loose”design  
does not employing any centerpost preload, and sees significant edge loads that develop when the 
spoolpiece disk stack is deflected under load. These edge stresses are mitigated by radiusing the edges of 
the disks.  
 
2.1 Conclusions  
 
     Much effort was expended to quantify loads, and current paths with which to calculate loads. However, 
while conservative loading has been used, loading remains uncertain, and conservative design is called for. 
The results reported here are for the antenna and it’s structure and do not include the effect of the 
attachment loads on the saddle coil and poloidal limiter. These structures should be qualified for the 
attachment loads in Table 2.0-1. Effects of thermal loads on the mini-limiters have not been considered. In 
general if the better grades of material are selected for components, the antenna will satisfy the design 
criteria with adequate margins to accommodate the uncertainties. Work hardened versions of Inconel 625 
are recommended for the frame structure, although annealed (but not solution annealed) properties are also 
acceptable. Nimonic bolts have very good properties at the expected 350 C operating temperature. Ceramic 
washers at the lower support details should be aluminum oxide,  at least 2 cm OD . 718 wire is specified for 
the antenna wire. A case could be made for a wire material with less strength, but ruggedness during 
handling and installation  argues for use of 718. The antenna frame is highly loaded, and larger sections 
could be used throughout, however. keeping weight down helps with remote handling, and high strength 
materials have been specified over increasing section thicknesses.  
If the plate is not solution annealed but annealed it will have a yield of about 447 MPa. The bulkhead plates 
are acceptable without the cold-worked material at the thin webs.  The holes in the main beam are 
acceptable also but these are an area where higher yield material would be used to advantage. 
Reinforcement pads at the holes were tried to reduce the local stress but they don’t  help. 
The antenna wire support spoolpiece has had many analysis iterations. As of April 2004, the spoolpiece is 
made up from ceramic disks stacked on a one cm central rod. No preload is intended, and the behavior of 
the stack with frame imposed displacements, and antenna loads applied, is non-linear. Edge compressive 
loads are mitigated by radiusing the edges of the stacked disks.   
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3.0 Input  
 
3.1 Early Frame Design Summary 
 
Analysis of the early rectangular-loop frame led to some 
of the design features of the latest design, and the results 
of these early studies formed “input” to the final design.  
Conservative estimates of the disruption currents in the 
MHD antennas and frame were used to calculate loading 
and resulting stress in the antenna structure. The earlier 
frame was designed as a continuous loop, and it was 
recommended that it be electrically broken. Forces were 
computed assuming a continuous loop. The support 
scheme, as presented, supports the  MHD antennas  by 
cantilevered brackets that connect to the saddle coils. The 
frame currents crossed with the poloidal and toroidal 
fields produce moments that must be supported by these 
brackets. The moment resulting from the interaction with the 3 T TF field is reacted by a force couple with 
a moment arm of about .8m, representing the toroidal distance between the support brackets. The moment 
resulting from the 1.2T poloidal field is reacted by the bending section of the two cantilevered support 
brackets. The section of these beams is insufficient.  Local stresses in the 5cm square frame tube are at the 
yield of  annealed 304 stainless. Cold formed tubing might offer some margin. At this time no DLF has 
been calculated. Disruption accelerations at the mounting point of 7g hor. And 3.5g vert produce much 
lower stress than the eddy current and halo loads, but no amplification has been assumed. The profiles of 
the ceramic spool piece grooves need to support the antenna wires, without introducing sideloads. Dynamic 
load factors have been estimated at less than one, but this needs to be re-visited after bracket details are 
stiffened, and disruption times are firmed-up. Heat-up during a disrupted shot has been estimated to be 157 
ºK which results in only a half a mm expansion of the plasma facing antenna turn. 
 
3.2 Operating Environment 
 
Table 3.2-1 Poloidal Field and it’s Rate of Change During a Disruption 
Location Parallel 
(T) 
Perpendicular 
(T) 
Parallel 
(T/sec) 
Parallel 
Decay  
Time  
Perpendicular 
(T/sec.) 
Perp 
Decay Time  
Poloidal 
Limiter 
1.2 .4 120 2.5e-3 
sec. (or 10e-
3?) 
80 5e-3 
sec. (or 10e-3?) 
Outer Wall 1.2 .4 70  10  
 
The Toroidal Field at the antenna (a radius of 4m)  is 3T. Disruption accelerations are 7g hor. And 3g vert 
(with no structural amplification. ) 
 
Halo Currents are Calculated based on 87 or ~90kA or 30kA per mini-limiter 
The Toroidal Field at the antenna (a radius of 4m)  is 3T. Disruption accelerations are 7g hor. And 3g vert 
(with no structural amplification. ) 
Halo Currents are Calculated based on 100kA/m^2, Normal Radiative Heat Flux = 225 kW/m^2, Thermal 
energy deposited during a disruption is 2MJ/m^2 
 
From a Joe Snipes Dec 10 2003 email: 
    JET normally runs with the walls at 350 C, so even ignoring the heat sink of the tiles from the plasma 
interaction, the antenna frame will normally be at 350 C, not room temperature, during plasma operation.   
So, if there is significant degradation in the yield by 350 C, then that needs to be taken into account. 
 
Figure 3.1-1 ANSYS Model of the Jet Early 
MHD Antenna Design.  – Back-side 
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Halo Currents are Calculated based on 87 or ~90kA or 30kA per mini-limiter from the Halo current 
specification from V.Riccardo, dated March 31 2003[12]. 
 
3.3 Effect of Toroidal Continuity 
 
From Bob Walton[4]: 
During a disruption there is a loop current 
around whole machine driven by an 800 V 
loop voltage. So there is a 50 V or 100 V 
potential across the antenna depending on 
the position of Poloidal  Limiters' own earth. 
The Limiters actually straddle octant sector 
joints.  The sector joints, which look 
structurally like bellows, are electrically  
resistive compared which the much heavier 
construction of the sectors  themselves. So 
practically all of the 800 V is dropped across 
the 32 > sector joints. That is, 25V per joint. 
 
So if for example we had a 3 milliohm 
resistive connection between the   poloidal 
limiter and the antenna at each, a current of 
up to 17 kA would   be generated. But to put 
this in perspective this must be compared 
with a   total halo current of 86 kA. The 
additional 17 kA is significant but   should 
not be sufficient on its own to require any drastic change to the   design. On the A2 ICRF Antennas there 
are so called 'protection rails'   bridging the poloidal limiters which act in the same way. They have > 
resistive connections to the limiters and the measured currents in them  were as predicted using the this 
reasoning.  
  
 
Figure 3.2-1, How it was Analyzed.  - Judged to be More 
Conservative. – Maybe too conservative with Added 
Forces from Toroidal Loop and Eddy currents? 
 
Figure 3.2-2 Best Guess at Current Distribution (With 
Resistive Earths. – Equal Up and Down Currents Should 
Cancel Net Load due to Toroidal Field) 
 
Figure 3.3-1 Loads due to Toroidal currents resulting from the 
use of resistive earths 
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5.0 Criteria 
 
Using ASME-like criteria, - also used in the ITER and FIRE [1] Design Criteria: take the membrane 
allowable, Sm as the lesser of 2/3 yield or 1/3 ultimate. The bending allowable would be 1.5 times this, or 
for ductile materials, the yield of the material. For discontinuity, secondary or self relieving stresses you are 
allowed 3*Sm.  Cold rolled or work hardened material will have a higher membrane allowable, and would 
offer some additional margin and dimensional stability for the box structure even  if the welds yielded a 
little. Dimensional stability should be considered one of the main antenna design goals to minimize the 
possibility of shorts in the antenna winding, or prying behavior in the grooves of ceramic spool piece that 
supports the antenna wires 
 
From [1, page 13]: 
“The average primary shear stress across a section loaded under design conditions in pure shear (e.g., 
keys, shear rings, screw threads) shall be limited to 0.6 Sm.” 
 
5.1 Selected Material Properties 
 
Table 5.1-1 Inconel 625, at T=292 deg. K    (C-Mod Data, 1988 vintage) 
Yield strength    460.MPa  66.7 ksi 
Yeld strength  (20%cold work) 620.MPa  90.0 ksi. 
Utimate 900MPa   130 (ksi) 
Modulus of Easticity (inconel 
600)  
214000.MPa  30000(ksi) 
Density  8.42e-6(kg/mm**3)  
Eectrical.Resistivity 103. (microhm-cm)  
Specific Heat 461. (j/kg-deg c)   (293 at t=137deg k) 
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Figure 5.1-1 Inconel 625 Room Temperature data from the INCO data book.  
 
Figure 5.1-2 Inconel 625 data from the ITER Material Properties Handbook.  At the 
expected operating temperature of the frame of 350C, the yield for the annealed 
material would be 260 MPa. The INCO data book indicates a little better performance 
for the annealed bar, or a yield at 350C of ~310 MPa. – See next figure. 
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Based on Figure 5.1-3, the lesser of 1/3 ultimate and 2/3 yield would be  65*2/3 ksi or 130/3 or 44.3 ksi or 
298 MPa. This is the primary stress allowable, or Sm  for annealed Inconel 600 at the antenna operating 
temperature.  Based on room temperature properties in table 5.1-1 a 30% increase in yield could be 
expected for the cold worked material. In areas where yielding might adversely effect dimensional stability, 
stresses should be below yield of 447MPa (annealed) or ~581 MPa (for work hardened material). The 
INCO data book shows lower properties for annealed sheet, and lower still for solution annealed, hot rolled 
plate.  
 
Table 5.1-2 Inconel 600 Properties [6] 
 Ultimate 
Tensile 
Strength 
MPa ksi 
Yield 
Strength(0.2 % 
offset MPa ksi) 
Elongation 50 
mm (2") 
Elastic 
Modulus 
(Tension) GPa 
10 6 psi 
 
Cold rolled 
annealed 
655 MPa  
95ksi 
310 MPa, 
  45 ksi 
40 % 207GPa  30e6 
psi 
INCO Product 
Literature 
Cold Rolled 
Hard 
827 621 15 % 207 GPa INCO Product 
Literature 
 
Table 5.1-3 From  measured data for the Inconel 718, used in the C-Mod Drawbars and Oblong Pins: 
 Tensile data is for  hardening for 1 hr. at the most favorable temp, either 1750 or 1950deg F from ref[30] 
 4 in. Bar 5/8in Bar 5/8in. Bar 
 292 degK 292K   77degK 
Yield   165ksi   180 ksi  173ksi 
 Ultimate  195ksi 208 ksi  237ksi 
Modulus of Elasticity 29.8e6 29.8e6psi 31.e6 psi 
Density   .296 lb/in^3 .296 lb/in^3 .296 lb/in^3 
 
From a 2-15 2001 email from Jim Zaks: Ten of the 718tile mounting screws were pull tested the average  
yield was 148840 psi (1026Gpa) and the average ultimate was 185850 psi (1281 Gpa) 
 
 
 
Figure 5.1-3 High temperature tensile properties of annealed Inconel 625 
annealed bar [10]  
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Figure 5.1-5 http://www.specialmetals.com/products/data_80a.htm 
 
Figure 5.1-4 Properties of Ceramic Spray used for the insulated washers used in mounting hardware. (ref[8]) 
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From: reference [11], http://www.precision-
ceramics.co.uk/shapal.htm 
 
“Shapal™ is a new type of machinable ceramic and combines 
a high thermal conductivity with a high mechanical strength 
with bending strengths of 30 kg/mm^2. Shapal-M soft, in 
particular, has an excellent sealing ability to vacuum. It also 
has good heat resistance and an extremely low coefficient of 
thermal expansion” 
 
 
Figure 5.1-7, Alumina Properties 
  
Figure 5.1-6 Shapal Data from ref [11] 
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6.0 Analytic Models 
 
ANSYS is used for the solution phase 
of the analysis. The model is built in 
a code outside of ANSYS. In this 
code, Loads can be applied as nodal 
loads computed from spreadsheet 
treatment of the currents and fields, 
or fields and currents in the various 
components can be specified and 
loads computed. The spread sheet 
calculations were used in the latest 
models, for the earlier models the 
frame current was input to the frame 
elements by dividing the currents 
uniformly to the number of elements 
in the cross section of the frame tube. 
Nodal Lorentz forces are computed 
from specified fields and currents. 
The model, with loading is then 
transferred to ANSYS for the structural solution. For some of the detailed parts, geometry could be 
extracted from the Solid Edge model and imported into ANSYS. Only a few of the parts for which this 
conversion was attempted, were fully merged solid 
volumes. Figure 6.0-3 shows a part which could be analyzed 
in this way.  
 
 
 
Figure 6.0-3 Right hand bracket which engages wing 
lug, meshed from Solid Edge IGES imported to 
ANSYS. 
 
Figure 6.0-2 Model shown with non-structural mini-limiters removed, viewed 
from the back side.  
 
Figure 6.0-1 ANSYS Model of the first 
JET MHD Antenna Design.  – Plasma Side 
 
Figure 6.0-4 Notch Area model 
 
Figure 6.0-5 Notch area in Solid Edge 
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Circular Loop MHD layout 
 
This was a concept that was modeled, but the design was not chosen principally because of excessive 
displacements. The disruption eddy currents were 
calculated in the same way as for the 
square. The currents were multiplied by  pi/4 to correct 
for the circular form. This produced 330 amps. Six turns, 
or ½  
the total were modeled. Four loops were modeled. One 
would have sufficed, but the pre-processor was rigged for 
4 and it was easier to leave that part alone. No halo 
currents were applied. Displacements and stresses were 
still excessive: +/- .15 meter and 1.2Gpa. It looks like a 
lot of the 1.2GPa might be torsion and not bending.  
A model with a larger diameter tubing was analyzed. 
Antenna segments had to be nested to get the required 
number of turns, and this design was also rejected. This 
concept is shown in Figure 6.0-9 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.0-6 Model with loads and constraints 
 
                            Figure 6.0-8Peak Stress is 1.2GPa  
Figure 6.0-7 Displacements are + and - .15 meter 
 
Figure 6.0-9 Scheme with nested large diameter tubes 
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6.1 Run Log  
Run File Date Model file Analysis 
Type 
Comments 
Plcl01 03-28-04 Plcl.mod Static Clamp Loads with and without lug loads 
Jmhd15.rn5  Ibx9 Static  
Jmhd14.rn5 3-19-04 Ibx8 Static  
Jmhd13.rn5 3-10-04 Ibx7 Dynamic  
Jmhd12.rn5 3-03-04 Ibx7 Static Straps between Vertical Added 
Jmhd11.rn5 2-16-04  Static  
Jmhd10.rn5 2-11-04  Static  
Jmhd09.rn5 2-24-04  Static  
Rlug01 03-04-04  Static Poloidal Limiter Attachment right wing 
Llug01 03-05-04  Static Poloidal Limiter Attachment Left Cylinder Lug 
Stra01.rn5   Static Resistive Earth Strap  
Stra02.rn5   Static Resistive Earth Strap 
Maco01.rn5 12-13-02  Static Ceramic support for the Antenna wire 
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7.0 Load Calculations 
 
7.1 Load Calculations Based on Resistive Straps – Toroidal/Loop and Halo 
Currents 
 
 
 
Loading is based on use of the resistive 
straps. Two cases are considered. One with 
an equal set of resistive straps, and another 
with 2mOhm straps used at the wings, and 3 
mOhm used at the feet. The model is 
regionalized and sections are tracked via 
real constant numbers. Total loads per real 
constant are applied as nodal forces 
computed from the total section load divided 
by the number of nodes in the section.   
 
Computations for the loading are carried out 
in EXCEL spreadsheets with currents in the 
sections deduced from the currents known to 
enter and exit at the attachment points, and 
halo current entry in the verticals.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.0-1Loads due to toroidal or loop currents resulting 
from the use of resistive earths. In this distribution the currents 
entering top and bottom and exiting top and bottom are 
assumed equal. For straps which are 2mOhm to the wings and 
3 mOhms to the feet, 10.2kA enters/exits in the wings and 6.8 
kA at the feet.  
 
Figure 7.0-2 Loads due to halo currents resulting from the use of 
resistive earths. In this distribution the currents entering top and bottom 
and exiting top and bottom are assumed equal. For straps which are 
2mOhm to the wings and 3 mOhms to the feet, 27kA exits in the wings 
and 18 kA exits at the feet.  
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Table 7.1-1 Reaction Forces Computed from the Spreadsheet Loads – 2 mOhm Wing Resistance, 3mOhm 
foot resistance, (Newton)  With a DLF of 1.1 Applied (see Section 8.7) –But without Antenna Wire 
disruption loads ( about 1kN per corner needs to be added – see Figure 7.3-2) 
Location Radial (N) Poloidal (N) Toroidal (N) 
Upper “Wings” (Each 
Assumed no Toroidal) 
7387.6 4098.6 Zero (sliding Joint) 
Lower Clip(each) 7387.6 26604.38 6098.95 
 
Table 7.1-2 Reaction Forces Computed from the Spreadsheet Loads – Equal Resistive Straps (Newton) 
With a DLF of 1.1 Applied (see Section 8.7) 
Location Radial (N) Poloidal (N) Toroidal (N) 
Upper “Wings” (Each 
Assumed no Toroidal) 
9333.5 2985.4 Zero (sliding Joint) 
Lower Clip(each) 9333.5 27950 5326.2 
 
Assumptions: 
• Worst case addition of Loop and Halo contributions. 
• Half the poloidal wing load appears at its ends, otherwise the hinge precludes transmitting poloidal 
load. Remainder of Poloidal load appears at lower clips. 
• Additional lower clip poloidal load derives from moment or toroidal load, estimated to be: 
9684*(.28/4+.09)/.732) or 11089 
• Radial loading distributes evenly between four attachment points. 
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    February  Model - Resistive Earths - Equal Resistance Top and Bottom   
Real # 1 2 3 4 5 6 7 8 9 10 11 12 13 
Description Left 
Vertical 
Vertical Vertical Vertical Right 
Vertical 
Left Wing Right Wing Main Box Mani Box Main Box Main Box left Pad Right Pad 
Toroidal Field 3 3 3 3 3 3 3 3 3 3 3 3 3
Poloidal Field 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Radial Field 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
Toroidal Length 0 0 0 0 0 0.23 0.23 0.25 0.25 0.25 0.25 0 0 
Poloidal Length 0.28 0.28 0.28 0.28 0.28 0 0 0 0 0 0 0.092 0.092 
Radial Length 0.14 0.14 0.14 0.14 0.14 0 0 0 0 0 0 0 0 
Loop Current - Poloidal (A) -8500 0 0 0 8500 0 0 0 0 0 0 8500 -8500 
Loop Current - Radial (A) 0 0 0 0 0 0 0 0 0 0 0 0 0 
Loop Current - Toroidal 0 0 0 0 0 8500 8500 12750 17000 17000 12250 0 0 
Halo Current - Poloidal (A) 11250 -22500 -22500 -22500 22500 0 0 0 0 0 0 -22500 -22500 
Halo Current - Radial (A) 22500 22500 22500 22500 0 0 0 0 0 0 0     
Halo Current - Toroidal (A) 0         -22500 22500 -11250 0 22500 11250 0   
Num of Nodes 3132 3132 3132 3132 3132 1409 1409 1928 1928 1928 1928 590 590 
                            
Loop Cur Radial Load(N) -7140 0 0 0 3570 2346 2346 3825 5100 5100 3675 2346 -2346 
Halo Cur Radial Load(N) 9450 -9450 -9450 -9450 9450 -6210 6210 -3375 0 6750 3375 -6210 -6210 
                            
Loop Cur Poloidal Load(N) 0 0 0 0 0 782 782 1275 1700 1700 1225 0 0 
Halo Poloidal Load (N) 9450 9450 9450 9450 0 -6210 6210 -3375 0 6750 3375 0 0 
                            
Loop Cur Toridal Load(N) -952 0 0 0 952 0 0 0 0 0 0 312.8 -312.8 
Halo Toroidal Load (N) 5040 1260 1260 1260 2520 0 0 0 0 0 0 -828 -828 
                            
Total Radial Load 2310 -9450 -9450 -9450 13020 -3864 8556 450 5100 11850 7050 -3864 -8556 
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Radial Load per node 0.73755 -3.01724 -3.01724 -3.01724 4.157088 -2.74237 6.072392 0.233402 2.645228 6.146266 3.656639 -6.54915 -14.5017 
Total Poloidal Load 9450 9450 9450 9450 0 -5428 6992 -2100 1700 8450 4600 0 0 
Poloidal Load per node 3.01724 3.017241 3.017241 3.01724 0 -3.85238 4.962385 -1.08921 0.881743 4.38278 2.385892 0 0 
Total Toroidal Load 4088 1260 1260 1260 3472 0 0 0 0 0 0 -515.2 -1140.8 
Toroidal Load per node 1.30524 0.402299 0.402299 0.4023 1.108557 0 0 0 0 0 0 -0.87322 -1.93356 
                            
 
 
 
 March Model - Resistive Earths 2 Milliohm top and 3 Milliohm Bottom      
Real # 1 2 3 4 5 6 7 8 9 10 11 12 13 
Description Left 
Vertical 
Vertical Vertical Vertical Right 
Vertical 
Left Wing Right 
Wing 
Main Box Mani Box Main Box Main Box left Pad Right Pad 
Toroidal Field 3 3 3 3 3 3 3 3 3 3 3 3 3
Poloidal Field 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Radial Field 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
Toroidal Length 0 0 0 0 0 0.23 0.23 0.25 0.25 0.25 0.25 0 0 
Poloidal Length 0.28 0.28 0.28 0.28 0.28 0 0 0 0 0 0 0.092 0.092 
Radial Length 0.14 0.14 0.14 0.14 0.14 0 0 0 0 0 0 0 0 
Loop Current - Poloidal (A) -10200 0 0 0 10200 0 0 0 0 0 0 6800 -6800 
Loop Current - Radial (A) 0 0 0 0 0 0 0 0 0 0 0 0 0 
Loop Current - Toroidal 0 0 0 0 0 10200 10200 12750 17000 17000 12250 0 0 
                            
Halo Current - Poloidal (A) 4511.25 -22500 -22500 -22500 27000 0 0 0 0 0 0 -18000 18000 
Halo Current - Radial (A) 22500 22500 22500 22500 0 0 0 0 0 0 0     
Halo Current - Toroidal (A) 0         -27000 27000 -9000 -13500 9000 31500 0   
Num of Nodes 3132 3132 3132 3132 3132 1409 1409 1928 1928 1928 1928 590 590 
                            
Loop Cur Radial Load(N) -8568 0 0 0 4284 2815.2 2815.2 3825 5100 5100 3675 1876.8 -1876.8 
Halo Cur Radial Load(N) 3789.45 -9450 -9450 -9450 11340 -7452 7452 -2700 -4050 2700 9450 -4968 4968 
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Loop Cur Poloidal Load(N) 0 0 0 0 0 938.4 938.4 1275 1700 1700 1225 0 0 
Halo Poloidal Load (N) 9450 9450 9450 9450 0 -7452 7452 -2700 -4050 2700 9450 0 0 
                            
Loop Cur Toridal Load(N) -1142.4 0 0 0 1142.4 0 0 0 0 0 0 250.24 -250.24 
Halo Toroidal Load (N) 4285.26 1260 1260 1260 3024 0 0 0 0 0 0 -662.4 662.4 
                            
Total Radial Load -4778.55 -9450 -9450 -9450 15624 -4636.8 10267.2 1125 1050 7800 13125 -3091.2 3091.2 
Radial Load per node -1.52572 -3.01724 -3.01724 -3.0172 4.98851 -3.29084 7.28687 0.583506 0.544606 4.04564 6.80757 -5.2393 5.23932 
Total Poloidal Load 9450 9450 9450 9450 0 -6513.6 8390.4 -1425 -2350 4400 10675 0 0 
Poloidal Load per node 3.01724 3.017241 3.01724 3.01724 0 -4.62285 5.95486 -0.73911 -1.21888 2.28216 5.53683 0 0 
Total Toroidal Load 3142.86 1260 1260 1260 4166.4 0 0 0 0 0 0 -412.16 412.16 
Toroidal Load per node 1.00347 0.402299 0.4023 0.4023 1.33027 0 0 0 0 0 0 -0.6986 0.69858 
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7.2 Load Calculations Based on “All Downward” Halo Currents 
 
 
Table 7.2-1 Reaction Forces in Newtons at Four Antenna Frame Support Points – Results with rigid 
attachment points. – From the ANSYS model with only Halo Current Loads 
 Fx Fy Fz 
Right Lower Pad 11591 -11559 9181 
Left Lower Pad 17758 -10008 -17765 
Right Upper wing 13534 -6635.3 1942 
Left Upper Wing 15292 -7297.4 -2538.1 
Table 7.2-2 Reaction Forces in Newtons at Four Antenna Frame Support Points – Results of Modeling with 
Rotationally Compliant Attachments. – From the ANSYS model with only Halo Current Loads 
 Fx Fy Fz 
Right Lower Pad 10496 -10261 -964 
Left Lower Pad 15055 -8895 -6883 
Right Upper wing 15017 -7780 1553 
Left Upper Wing 17608 -8563 -2884 
 
All four attachment points are assumed 
not to support moments,  
Prying action of the single bolt 
attachment at the lower clips was not 
analyzed.  
 
The model was run with two 
assumptions regarding attachment 
rotational stiffness, and there was only a 
modest difference, arguing that 
rotational stiffness of the attachments is 
not important, however, some 
mechanism to reduce the moment 
stiffness of the  attachment should be 
considered, possibly spherical washers. 
This might be challenging if the bolts 
are intended as remote handling 
friendly.  
 
The disruption time estimate is taken as 
10 millisec. The old frame natural 
frequency has been calculated as 37.6 
hertz.  The recommended DLF for these 
loads is 1.1 - See Section 8.7  
 
Fig. 7.2-1 Assumed Halo current paths, and resulting Lorentz forces. 
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7.3 Additional Reaction Forces due to the Frame and Antenna Eddy Currents: 
 
Poloidal fields, and Bdots at the antenna have been conservatively taken as the values for the poloidal 
limiter. Currents in conducting loops within the antenna and it’s structure, have been estimated based on 
only the resistive response of the loops. The voltage is calculated based on the normal Bdot times the area 
surrounded by the loop. The antennas, and the frame are assumed to be continuous loops.  The antenna’s 7 
turns are assumed shorted, and the frame is assumed to be un-insulated, i.e. there is no electrical beak. It is 
however recommended that the frame be insulated for extra margin. The field transients are specified as 
80T/sec normal to the plane of the antenna and 120 T/sec parallel to the plane of the frame in a vertical 
plane. The fields and Bdot’s in JET are considerably smaller than for C-Mod. Forces are modest, and a 
more elaborate circuit simulation or disruption electromagnetic simulation is considered un-necessary, 
unless the local weakness in the support bracket can’t be improved.   
The loads from the “all downward” halo currents are 10 to 17 times larger.  
Additional Reaction Forces due to the Antenna eddy currents: 
Due to moments about a vector in the local poloidal direction:     4*582 /1.1/2= 1059 N 
Due to moments about a vector in the perpendicular-poloidal direction:     4*234 /.5/2= 936 N 
 
The attachment loads calculated with only Halo currents are about one kN low, but the loads from the Halo 
currents are 10 to 17 times larger. Neglecting the antenna loads in the ANSYS analysis of the frame is a 
reasonable approximation useful for quantifying the stresses in the box sections. 
 
 
Antenna Moment Loading, Calculated from the 
BASIC program used for earlier antenna designs. The 
loads shown result from 4mm wire, 18 turns, and the 
fields and field transients in Table 3.2-1 Due to 
moments about a vector in the local poloidal 
direction:     
 4*582 /1.1/2= 1059 N ( Radial or Perpendicular to 
the local poloidal direction. ) 
Due to moments about a “radial” vector or a vector 
perpendicular-to the local poloidal direction would be 
reacted by poloidal forces at the lower “feet”. The 
“wings” cannot support poloidal forces:     4*234 
/1.1=851 N  This  
 
Figure 7.3-2 
 
Eddy on Plasma Side Face 
Frame Loop Resistance =         .01892  Ohms 
Frame Voltage =            5.28  Volts 
Frame Current =           279.06976  Amps 
Frame Moment about x (~radial)    0.0  N-m 
Frame Moment about y (~vertical) 55.25N-m 
Frame Moment about z (Toroidal axis): 22.1  
N-m 
 
Eddy on Top Face 
Frame Loop Resistance =     9.46e-3  Ohms 
Frame Voltage =                   15.84  Volts 
Frame Current =              1674.4185  Amps 
Frame Moment about x :           265.23  N-M 
Frame Moment about y              :  0.0  N-M 
Frame Moment about z        88.409 N-M 
 
Figure 7.3-1 
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7.4 Attachment Load Summary – All Halo Current Downwards 
 
Right Lower Pad 
 Fx (N) Fy(N) Fz(N) 
 Radial Vert Toroidal 
ANSYS model with only Halo Current Loads 11591 -11559 9181 
Toroidal Current 5600+6375   
Antenna “Shorted Coil” Eddy currents * 2000   
Total 25566 (5747. lbs) -11559 9181 
 
Left Lower Pad 
 Fx(N) Fy(N) Fz(N) 
ANSYS model with only Halo Current Loads 17758 -10008 -17765 
Toroidal Current 5600+6375   
Antenna “Shorted Coil” Eddy currents * 2000   
Total 31733 (7134 lbs) -10008 -17765 
 
Right Upper wing 
 Fx(N) Fy(N) Fz(N) 
ANSYS model with only Halo Current Loads 15017 -8895 -6883 
Toroidal Current 5600+6375   
Antenna “Shorted Coil” Eddy currents * 2000   
Total 28992 (6517 lbs) -8895 -6883 
 
Left Upper Wing 
 Fx(N) Fy(N) Fz(N) 
ANSYS model with only Halo Current Loads 17608 -8563 -2884 
Toroidal Current 5600+6375   
Antenna “Shorted Coil” Eddy currents * 2000   
Total 31583 (7100 lbs) -8563 -2884 
 
* See Figure 7.3.2 
** See Figure 3.3-1 These are 22.4Kn/4 and 12.75kN/2 
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7.5 Frame Loads for the Earlier Model 
 
5.5 to 7 milliohm has been estimated for the frame loop. The 
contribution of support brackets has been ignored in the 
resistance calculation. These should also be electrically 
isolated from the frame, but pessimistically may contribute 
to the conductivity of the frame loop.  The frame voltage  is 
80T/sec*1.38m*.38m= 42 volts. That gives 7700 amps. 
When crossed with the toroidal field, this yields  a moment 
about an axis defined by the intersection of the plane of the 
frame and a vertical plane,of 12028 N-M. There is also a 
moment about a toroidal axis that results from the poloidal 
field of 1.2T this is 4811 N-M. There are also internal forces 
in the frame (no net load or moment but these produce 
bending) due to a poloidal field component normal to the 
plane of the frame. This normal component is .4T. Halo 
currents in the antenna should be sized based on the 
projected area of the outer loop of the antenna or 
.01*4*.24*100,000 Amps/m^2 or 960 amps. Assuming this 
flows through the antenna winding to the frame, there will 
be loads on the sides of the square winding of .24*960*3= 
691 N. this will produce a moment of 7*.24*691=1160 N-m 
per antenna or 4643 N-m total on the frame.  292 amps has 
been calculated in the antenna due to the 80T/sec and this 
produces a moment of 353 N-m per antenna or 1412 N-M 
for the 4 antennas.  These 
moments add to the 12028 N-
m, or 
12028+4643+1412=18083N-
m. This is taken by the two 
mounting points which are 
about .8 m apart, so the load is 
about  or 5081 lbs. There is 
also the 4811 N-M in bending 
that has to be supported by the 
attachments. Loading is 
significant enough that the 
detailed structural model is 
warranted.  
 
   The structural model is based 
on various estimates of the 
geometry of the antenna.  
   The bill of materials for the 
frame includes: 
 5cm square tube 
3mm wall thickness 
 
Each of the antenna loops is a 
square 24 cm on a side (should have been 25). The antenna “wire” is 1 cm in diameter. 
 
Figure 7.5-1 Frame or antenna Loop notation for 
eddy current calculation. Frame or antenna 
current is Bdot*A/loop resistance (Shorted loops 
and no inductive component assumed.) Lorentz 
forces result from the current-field cross 
products. Fields and currents shown produce 
moments, the normal field component produces 
internal loads. No net forces are produced.  Halo 
currents produce net forces and moments.   
 
Figure 7.5-2 Nodal forces applied to the model.  The element density variation is 
the main contributor to the size of the force vectors, but the “sense” of the forces is 
apparent.  
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8.0 Frame Results 
 
8.1 Frame Displacements 
 
The earlier frame design was 
cantilevered from the attachment points 
at the lower extremity of the model 
(with the red contour). The peak 
displacement was 1.3cm.Displacements 
have been improved by adding two 
more attachment points in the form of 
the “wings”. The final frame design 
moves 7 to 8 mm radially with “all 
downward” currents and impinging halo 
currents distributed over the inner three 
verticals. With the latest assumptions 
regarding currents entering and exiting 
the frame, radial displacements have 
gone down to 2.6 mm, or 3.49mm based 
on the dynamic response. 
 
 
 
 
 
 
 
 
Figure 8.1-1 Earlier frame design radial displacement with Lorentz forces 
and 7g hor and 3.5g vert applied. The maximum displacements was 1.3cm.  
 
Figure 8.1-2 Radial displacements of the frame, Run #15 2mOhm/3mOhm current loads, Static Analysis. The 
dynamic response increased the magnitude of the radially inward displacements about 10% 
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Figure 8.1-3 This is a plot of the toroidal displacements for the 
load case with the resistive earths and with the currents split 
equally to upper and lower attachment points. The toroidal 
differential displacements between verticals is of order 1 mm. 
This has the potential of loading the antenna wires and more 
importantly the ceramic spool pieces in tension.  
 
Figure 8.1-4 Toroidal displacements, after addition of 
straps or struts,  for the load case with the resistive earths 
and with the currents split equally to upper and lower 
attachment points. The toroidal differential displacements 
between verticals is negligible where the ceramic spool 
pieces are mounted.  
 
Figure 8.1-5 Toroidal Displacements with the antenna wire modeled ( the wires are not shown here because 
their bending displacement are larger than this and wash out the frame displacements. The differential 
displacements between the verticals is about .4mm at the spoolpiece 
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Figure 8.1-6 The frame loaded with “all downward” Halo currents moves 7 to 8 mm 
radially. This load case also had the 90 kA split between only the inner 3 verticals, making 
the displacements worse than for the later loading which split it between the left four 
verticals. Currents in the center vertical were 30 kA in the earlier load case, and 22.5 kA in 
the latest load cases. For the design which uses resistive earths, shown in figure 8.1-2 the 
radial displacement is 3.4mm, much improved over the “all downward” current loading 
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8.2 Frame Stresses 
 
The main beam or backbone of the frame is a 60 X 120 mm box section with 5mm wall thickness. The 
vertical frame components are box sections that are 30X120mm box sections, also made from 5 mm plate. 
From Section 5, Sm,  the primary stress allowable, for annealed Inconel 625 at the antenna operating 
temperature, is 298 MPa. Bending type stresses may go up to 1.5 times Sm, or about yield. Local stresses, 
if they are self relieving may go above yield, with the provision that resulting displacements should not 
effect operability of the antenna. In areas where yielding might adversely effect dimensional stability, 
stresses should be below yield of 447 MPa (annealed) or ~581 MPa (for work hardened material). 
    The intersections of the vertical boxes and main beam see some local stresses that are a result of the main 
box beam shearing deformation. This is illustrated in an analysis of the end of the main beam which had no 
closure, or stiffener. The shear deformation is shown in Figure 8. Internal webs at the three interior vertical 
intersections would eliminate this local stress. The membrane and bending stresses are within the 
allowables for both annealed and cold worked Inconel 600. A model which includes holes in the box 
section to pass the antenna leads shows stresses above yield around and in front to the holes. Reinforcement 
of the hole area with pads reduced the local stress at the hole ID, but the area of the plate in front of the 
hole remained highly stressed and might allow plastic deformation, and loss of dimensional stability of the 
frame, if annealed Inconel 600 is used. Work hardened Inconel with a room temperature yield of 581 MPa  
has adequate margin to ensure that no plastic deformations occur. 
 
 
 
Figure 8.2-1 Von Mises Stress, Run #15. Loading is for currents based on 2 mOhm/3mOhm resistive 
earths, at upper and lower attachment points. The plotted stress range peaks at 225 MPa (248 MPa 
with the 1.1 DLF – see section 8.7, and compare with figure 8.2-3). In this view there is only a tiny 
area at the lower attachment with stresses above this.  These stresses should be compared with the 
447 MPa bending allowable. 
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Figure 8.2-2 Von Mises Stress, Run #10. Loading is for currents based on resistive earths, with equal current in upper 
and lower attachment points. The plotted stress range peaks at 225 MPa. In this view there is a region near the 
attachment bracket at left that is above 225 MPa. The bending allowable for the annealed 625 material is 447 MPa. 
 
Figure 8.2-3 DLF = 225/175 = 1.3  at foot, 225/200=1.125 at hinge, maybe 225/200=1.125 at right 
hole. See section 8.7 
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Figure 8.2-5 Stress in the angle clip support detail. Loads in this 
model are for the resistive earth currents, with upper and lower 
attachments assumed to have equal current. The high stress 
region shown in gray in figure 8.2-2 can be resolved and is 
below 315 MPa, or 346.5 MPa with the DLF of 1.1. The 
bending allowable for the annealed 625 material is 447 MPa 
 
Figure 8.2-7  Von Mises Stress with bolt extensions 
added 
 
Figure 8.2-6 Modeling with bolt extensions 
 
Figure 8.2-4 
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Figure 8.2-8  Stress in lower half of the Box Section. The red “hot spot” is where one of the lower clip 
bolt extensions/stiffeners is located. The peak stress herte is 294 MPa. The allowable for this stress 
would be the bending allowable. The modeling the notch area is evident in the upper left corner. Also 
this model uses the solid bulkhead design.   
 
Figure 8.2-9 Von Mises Stress at notch in the back. There is a local stress 
concentration which is close to yield of the annealed 625, with a DLF of 
1.1, but the allowable for this type of stress would be 3*Sm or twice yield.  
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With the Halo currents exiting 
only at the bottom, and the Halo 
currents entering the inner three 
vertical frame members, the 
stresses in the main box section 
and lower attachment point are 
worse than for the case where 
currents are allowed to exit at the 
“wings” as well as the “feet” 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.2-10 View of the top of the box beam. This is for an earlier model that had 
forces computed based on halo currents that entered in the verticals and exited only 
at the bottom support clips. 
 
Figure 8.2-11 “All Downward Hallo Current” Loading, The Contours have been forced to 
end at 270 MPa. The gray areas are above 270. The box section meets the bending 
allowable for the annealed form. The bending stress allowable is appropriate for theses 
extreme fiber box beam stresses. Higher stresses exist in the angle clip and locally in the 
box. The angle clip has been doubled in thickness from this model.  
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8.3 Box Beam Holes for Antenna Leads 
 
The frame was initially analyzed without the holes for the lead penetrations. These penetrate the main box 
beam section, and could weaken the frame unacceptably. Loading for this first set of runs with the holes 
modeled was the “All Downward Halo Currents.  
 
 
 
 
 
Figure 8.3-2 “All Downward Halo Currents” Loading, Post 
Processed with contours that peak At 270 MPa. The gray areas 
exceed 270 MPa.  
 
Figure 8.3-1 View from the Solid Edge 
Model showing hole for lead 
penetration 
 
Figure 8.3-38 “All Downward Halo Currents” Even with the reinforcement around the hole, stresses are near 
yield for the fully annealed inconel 625 material. There is plenty of margin with the cold worked version of 
Inconel 625 which has a room temperature  yield of 610 MPa. or for the for the annealed 625 material for 
which the bending allowable is 447 MPa. 
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Figure 8.3-4 Results re-plotted with a 360 MPa max contour. If solution annealed Inconel 625 is 
used a region around and in front of the hole may be above yield, but below yield of 447 MPa for the 
annealed form, (581 MPa for work hardened Inconel 625. ) 
 
Figure 8.3-5 Hole region with the  
 35
8.4 Use of Bulkheads for Box Section Shear Stabilization 
 
Model with Internal 
Bulkheads.  
 
Internal webs at the three 
interior vertical intersections 
eliminate the local stress at the 
intersestion of the Main Beam 
and Vertical sections.  
 
 
Without the holes in the box 
beam for the antenna leads, the 
membrane and bending 
stresses are within the 
allowables for both annealed 
and cold worked Inconel 600. 
 
Figure 8.4-1 
. An earlier model without the end caps. The shear 
deformation of the box is evident and is the cause of 
the stress at the intersections of the two box sections. 
An end cap was added.  
 
Figure 8.4-2 Model With Internal Bulkheads 
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Internal Bulkhead Construction 
 
 
 
 
 
Figure 8.4-4 An early configuration without the 
bulkhead 
 
Figure 8.4-3 Some Options for internal bulkhead construction. JET chose a solid block bulkhead for ease 
of manufacture. 
 
Figure 8.4-6 A later design with thin walled bulkheads? 
Figure 8.4-5 The solid Bulkhead design from the 
Solid Edge November 2003  Model.  
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Figure 8.4-7 Double thin plate bulkheads.  The peak stress in the thin section is 270 Mpa. These 
results are from the dynamic model at the time of peak stress in these components. Loading was 
from the equal resistive earth load case. These are 5mm thick. The solid bulkhead would have 
lower stress, but would weigh more.  The bending allowable for the annealed 625 material 447 
MPa.  
 
Figure 8.4-8 Solid Bulkhead, Run#15 2mOhm/3mOhm case, No DLF, peak stress is 128 MPa 
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8.5 Results from Early Frame modeling 
 
 
 
Figure 8.5-1 Early model stress levels in the frame and antenna wires – exclusive of the support brackets. 
At this time, the frame was 304 stainless with a yield of 30ksi, or 207 MPa. The green areas were at yield. 
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8.6 Vertical Box Section Stress 
Optimization 
 Vertical Box Sections are not stressed highly in 
the finite element model  results. These sections 
are candidates for reduction in weight. The 
present (Dec 2003) wall thickness of these boxes 
is 5mm. 2mm is all that is needed. In the Basic 
Program, the vertical box section is assumed to 
be welded to the main box beam by fillet welds 
with a nominal leg size the same as the box wall 
thickness. These have the additional advantage 
of introducing minimal heat into the main box 
beam, and reducing the size of the heat effected 
zone.   
 
 
 
Output from Basic Program: 
 
Box Cross Section .000584  
Weight Saved for 3 verticals= 2.2453632 kg 
 
Mom About Section Modulus 
 Stress  
Toroidal Axis    1.5634311e-5 m^3                82.894602 MPa 
Radial Axis      6.6732444e-6 m^3                64.736127 MPa 
Total Stress= 147.63073 MPa,  
Weld Stress= 208.81291 MPa 
Yield and bending allowable at 350C= 
260  
Weld Factor of Safety= 1.2451337  
 
 
 
 
 
 
 
 
 
 
Figure 8.6-1 
let bp=1.2 
let bt=3 
let br=.4 
let height=.24 
let boxw=.120 
let boxt=.03 
let wt=.002 
let sectmodt=(boxt*boxw^3/12-(boxt-wt*2)*(boxw-
2*wt)^3/12)/(boxw/2) 
let sectmodr=(boxw*boxt^3/12-(boxw-wt*2)*(boxt-
2*wt)^3/12)/(boxt/2) 
let BoxXsect=(boxw*boxt-(boxw-wt*2)*(boxt-2*wt)) 
let Ihalo=30000. 
let Fp=Ihalo*bt*boxw/2     ! Poloidal Force 
let Fr=Ihalo*bt*height/2     ! Radial Force 
let Ft=Ihalo*bp*boxw/2 +Ihalo*br*height/2  ! Toroidal Force 
let mt=Fr*height/2 
let mr=Ft*height/2 
let st=mt/sectmodt 
let sr=mr/sectmodr 
print "Box Cross Section";boxXsect 
print "Weight Saved for 3 
verticals=";BoxXsect*height*8900*3*(.005-wt)/.005;"kg" 
print "Mom About:   Section Modulus  Stress " 
print "Toroidal Axis",sectmodt;"m^3",st/1e6;"MPa" 
print "Radial Axis",sectmodr;"m^3",sr/1e6;"MPa" 
let TotalStr=(ST+sr)/1e6 
let WeldStr=(st+sr)/1e6/.707 
print "Total Stress=";(ST+sr)/1e6;"MPa,  Weld 
Stress=";(st+sr)/1e6/.707;"MPa" 
let yield=260 
print "Yield and bending allowable at 350C="; yield 
print "Weld Factor of Safety="; yield/weldstr 
end 
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8.7 Dynamic Response 
 
   The antenna structural response is a 
function of the time duration of the 
forcing function and the frequency 
response of the antenna. If the natural 
period of the frame is similar to the time 
duration of the loading, a dynamic load 
factor (DLF) should be applied. The 
disruption time estimate is taken as 10 
millisec. The earliest box frame natural 
frequencies were calculated as 37.6 hertz 
for the first mode which was a radial 
inward/outward motion, which would 
couple well with the static load response. 
The second mode frequency is 69.7 hertz. 
Based on 100 Hertz forcing function and 
a 37.6 natural frequency, the DLF for .5 
period excitation should be less than 1.0.  
The final design of the frame is stiffer, 
being attached at four points rather than 
two. However, including the flexibility of 
the saddle coils and limiter attachment 
points – and their attachment to the 
vessel, the frame is not expected to have  
a high enough frequency to interact with  
the 100 Hz disruption load frequency.  
The total system would have to have a 
frequency of 50 Hz or greater to exceed a 
DLF of 1.0. There may be some 
interaction with some higher modes, but there 
appears to be a lot of damping in the bolted 
connections, and in the wire and mini-limiter 
details, and a DLF of 1.0 is not unreasonable. The 
latest frame configuration was analyzed in a time 
transient as well as statically. The static loading 
was scaled and re-scaled to simulate the pulse 
profile. Table 8-3-2 includes the scale factors.  The 
DLF computed from these two runs varied 
somewhat by part but for the significantly loaded 
structures the DLF was 1.1 or less. There still is 
some uncertainty in the loading – particularly in 
the flexibility of the mounting points, and a 
conservative design is called for.  
 
Table 8.3-1 DLF Computed from Dynamic and 
Static Analyses 
Part MAT run#12 
Static 
run#13 
Dyn 
DLF 
Bulkhead 5 437 479 1.1 
Pin 7 48.6 56 1.15 
Main Box 2 365 374 1.03 
Vert 3 185 199 1.08 
 
Figure 8.7-1 The dynamic model of the Box frame does not include the 
antenna wires and spool pieces. To add the inertia of these components, 
the light brown sections of the vertical frames were increased in density 
as an approximation. The density multiplier was 6.6 . The wire 
frequency is greater than 500 Hz (see section 14.0) and the wires were 
not considered to contribute anything more to the dynamic response 
than their mass.  
 
Figure 8.7-2 Amplification factor, or DLF – Single degree of 
freedom oscillator with a “truncated” harmonic forcing function. 
For the MHD antenna, half a wavelength, or a load pulse of half a 
period would give a peak DLF of ~1.7 -  if the frequency ratio is 
uncertain.  
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. Table 8.7-2 
Load Factors vs. time input to 
the ANSYS Transient, Run#13 
t1 = .00001  $lf1= .15643447 
t2 = .002    $lf2= 1.9753767 
t3 = .003    $lf3= 1.4691441 
t4 = .004    $lf4= 1.2947083 
t5 = .005    $lf5= 1.2030019 
t6 = .006    $lf6= 1.1441228 
t7 = .007    $lf7= 1.1013446 
t8 = .008    $lf8= 1.0673957 
t9 = .009    $lf9= 1.038517 
t10 = .01    $lf10= 1.0124651 
t11 = .011    $lf11= .98768834 
t12 = .012    $lf12= .96291156 
t13 = .013    $lf13= .9368597 
t14 = .014    $lf14= .907981 
t15 = .015    $lf15= .87403205 
16 = .016    $lf16= .83125388 
t17 = .017    $lf17= .77237477 
t18 = .018    $lf18= .68066842 
t19 = .019    $lf19= .50623256 
t20 = .02   $lf20= 3.62199e-15 
t21 = .021    $lf21= 0. 
t22 = .022    $lf22= 0. 
t23 = .023    $lf23= 0. 
t24 = .024    $lf24= 0. 
t25 = .025    $lf25= 0. 
t26 = .026    $lf26= 0. 
 
Figure 8.7-4 Radial displacement of a point on the frame 
near the lower attachment foot.  
 
Figure 8.7-3 Stress at  a point on the frame near the lower 
attachment foot. 2000e4 is 20 MPa – This was not the most 
highly stressed point, but is intensded to show the time point 
with the largest stress.  
 
Figure 8.7.-5 Second Mode, mode shape of the earlier frame model. It 
will couple with the moments about the local parallel poloidal direction. 
The first mode looks like the static deflection plot 
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9.0 Wing Attachments 
9.1 Hinge Pin Used in the “Wing”  
 
“All Downward” Halo Current Loads 
Fx(N) Fy(N) Fz(N) 
31583 (7100 
lbs) 
-8563 -2884 
 
Resistive Earth Loading 
Radial Fx(N) Poloidal Fy(N) Toroidal 
8446 (1898 lbs) 4098 zero 
 
In the December 2003 issue of the report, 2 cm 
diameter pins were assumed. This was corrected via 
email from Bob Walton. Considering two shear planes 
effective, the shear stress is 72000/(.016^2 * pi/4)/2 
=179 Mpa. This is the average net section stress. With 
the 1.5 stress factor appropriate for a circular section in 
shear, the peak stress is 268 Mpa.  
 
From: Bob Walton:  
Regarding the material used for 
pins generally, Nimonic 80 or 
inconel 718  in their hardened 
states (by heat treatment rather 
than cold working) is the normal 
choice at JET. 
 
 From the FIRE Criteria Document[Ref.1, page 13]: 
“The average primary shear stress across a section 
loaded under design conditions in pure shear (e.g., keys, 
shear rings, screw threads) shall be limited to 0.6 Sm.” 
 
At 600F a Nimonic pin has a yield of ~105 ksi or 724MPa 
and an Ultimate of ~170 ksi or 1172 MPa. The lesser of 
2/3*yield and 1/3 Ultimate is 391MPa This is Sm. Based 
on the allowable stress from the FIRE criteria [1], the 
factor of safety is .6*391/179 = 1.3.  The lever arm of the 
attachment point to the hinge pin CL,  in the Dec revision 
of the report. was .22m. Depending on  how the 
attachments are made to the saddle coils and limiter, this 
may need to be adjusted. If credit is taken for the load 
reduction due to resistive straps, pin shear is further 
reduced.  
 
Wing Hinge Lug Stress 
 
The lug on the vertical leg side of the hinge is presently (April 2004) part of a single machined end block 
welded to the vertical box section. Stresses for the solid design and resistive strap loading are shown in 
figure 9.1-5. Stresses are modest in the hinge segments. The largest appears in the outer lug of the wing 
hinge segments, and is 225 MPa. The lug that is part of the vertical  box section has stresse sin the 100 to 
150 MPa range.   
 
 
Figure 9.1-1 – “All Downward Halo Current” Loading 
Hinge Pin Loading.  
 
Figure 9.1-2 
 
Figure 9.1-3 Hinge Dimensions 
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If the lug on the vertical box 
section is welded, weld stresses 
would be higher than for the 
solid design. Assuming the 
dimensions and loads shown in 
Figure 9.0-4, the weld stress 
would be: 
 
70000*(1/.01/.02  +  
.02/.025/(.02*.005)) = 406 MPa 
 
From Section 5, Sm,  the primary 
stress allowable, for annealed 
Inconel 625 at the antenna 
operating temperature, is 298 
MPa.. The bending allowable is 
not appropriate for this geometry 
even though it is a bending load 
because the plastic section 
modulus is the same as the 
elastic one. A design with about 
twice the weld length is 
suggested – providing a 
justification  for the solid 
machined piece at the top of the 
vertical frame leg.   
  
Figure 9.1-5 Local Stresses around the hinge detail, Run # 15 – 
2mOhm/3mOhm current load case. These stresses would be acceptable for 
a solid machined hinge piece.  
 
Figure 9.1-4 The 70 KN loads is for the 
“all Downward” Halo Current loading. 
The resistive earth loading isa about 
half this.  
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9.2  “Wing” Loads at Sliding Support 
 
Resistive Earth Loading 
Radial Fx(N) Poloidal Fy(N) Toroidal 
8446 (1898 lbs) 4098 zero 
 
 
 
The “Right hand” Poloidal Limiter Attachment plate was extracted from the Solid Edge model via an IGES 
export. The geometry survived the CATIA to *.stp  to Solid Edge assembly to IGES to ANSYS solid, and 
was meshed with 8 node tetrahedrons. The areas around the bolt holes were constrained and the slot was 
loaded with a point load of 10000 Newtons, which envelopes the reaction loads calculated for this wing lug 
to bracket interface. Except locally at contact points, the stresses are low, - less than 50 MPa. 
 
Figure 9.2-1 Poloidal Limiter Attachment Bracket 
 
Figure 9.2-2 Poloidal Limiter Clamp Attachment . Solid Edge Model 
Figure 9.2-2. Poloidal Limiter Clamp. This figure shows the mounting of the TAE antenna restraint lugs
on the poloidal limiter back plate. The center stud that provides the clamping force is torqued to 300 N-
M or 221 foot-lbs. The bolt appears to be around .6in in diameter, from the .7 inch clearance hole. From
the equation T = .2*F*D the bolt load is 1843 lbs. or 8198N. The main loading at the lug clevis is
radial. The lug is free to slide toroidally, and the  
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Figure 9.2-3 Attachment Bracket Stresses. The smaller holes appear to be for m10 bolts. Approximate 
the effect of the moments as a load multiplier of 2, the bolt stress would then be 10000/(.01^2*pi/4)=127 
MPa – OK even for 316 bolts. 
 
Figure 9.2-4  “Left hand” clamping bracket Lug.  10000 N 
was applied at the end of the lug and the clamping force of 
8198 N was applied to the groove that fits the poloidal limiter 
back plate.  The peak stress is only 185 MPa.  
Figure 9.2-5 The solid model of the left-hand 
sliding support, didn’t mesh successfully at 
the wing-lug end. This is the lug at the other 
end of the cylinder. The geometry is 
sufficiently similar that this is considered 
representative of the end loaded by the wing 
lug., 
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Poloidal Limiter Clamp 
 
    Loading is imposed by displacing the 
portion modeling the bolt while holding the 
surface it bears against. A section of the 
poloidal limiter backing plate is in the model 
to provide the reaction to the clamping force 
with the appropriate offset. The clamping 
force is imposed by holding the metal under 
the head of the bolt and displacing the bolt 
end. The imposed displacement is a guess, but 
the results indicate that the stress in the inner 
cylinder at the thinned out, or relieved section 
is a bit larger than the bolt stress. Bolt torque 
is related to bolt load via the following 
equation: 
 
T=.2*F*D 
 
Where T is in in-lbs, F is in lbs, and D is the 
nominal bolt diameter in inches. Making the 
appropriate units conversions, if the bolt 
torque is 300 n-M, the bolt load is 26550 lbs 
and the bolt  stress is over 130ksi. This is 
unacceptable for the cylinder material. The 
reaction force at the "wing" is less than 
10,000N or only 2248 lbs and is radial, so the 
clamping force is large compared with the 
force this component is intended to resist. In 
Figure 9.2-6, only the clamping force is 
applied with a loading of about half the 
300N-m level. The model and results 
shown in figure 9.2-7 include the wing lug 
reaction force. A more detailed  model of 
the end lug with the wing lug load applied 
is shown in figures 9.2-4 and 5. This 
model was extracted from the Solid Edge 
model via an IGES import into ANSYS.  
 
It is recommended that the relief on the 
inner cylinder be omitted, leaving a full 
thickness inner cylinder. Lowering the 
torque on the clamping bolt is also 
recommended. I think only 100N-m 
would produce a 8850lb claming force, 
and with a friction coefficient of .3, a 
2655lb poloidal frictional slip resistance, 
and the loading is less than 2248 lbs 
radial.   
 
 
Figure 9.2-6 Poloidal Limiter Clamp Model – Only Clamping 
forces applied. 
 
Figure 9.2-7 Poloidal Limiter Clamp Model –10000N (2248lb) Wing 
Lug Reaction Force plus  Clamping forces applied. 
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10.0 Resistive Straps at Attachment Points 
 
The resistive straps jump across the insulated connections to attempt control of 
the current flow through the antenna frame. In the stress analysis presented here, 
90kA from the Halo Currents and 17 kA from the Toroidal currents are assumed 
equally split between the 4 attachment points. A toroidal field of 3.0 T and 
poloidal components of 0.4 T each were imposed, and loads calculated from the 
cross product of the field and currents. Two orientations were tried. Both were 
highly stressed at the end connections, and would locally plastically deform.  
Larger clamping areas than those were modeled would help these local stresses. 
The orientation with the curve axis aligned with the toroidal axis was a bit 
better.  The loading, as Bob points out, could be hoop compression, depending 
on the directions of current flow with respect to the toroidal field. To address the 
possibility of buckling collapse the model was run with the large displacement 
option in ANSYS turned on (nlgeo,on). The model was run with twice and three 
times the load. It failed to converge for three times the load, indicating collapse 
(bending related buckling) somewhat beyond twice the load. Differential displacements 
from the antenna motion have not been imposed. These might precipitate the buckling. 
The strap could be “dimpled” or ribbed to improve it’s bending section and thus 
buckling resistance.  There is probably little consequence to a collapse of the strap. The 
remote handling equipment might have a problem accessing the attachment bolts, but 
the strap could probably be cut and bent out of the way if needed.  If there is a concern 
that they might short, some form of insulation might be appropriate – possibly 
wrapping with a ceramic woven fiber tape? (Possibly Heat cleaned 3M Nextel tape or 
sleeve?) 
 
Excerpt from: [7]  Email from: Bob Walton  
 
So I suggest, as a first (and hopefully only) stab,  2 mohms on the wings and 3 mohms 
on the lower brackets may be something like the optimum. I will try to describe the 
geometry of the resistive straps in words, since Mike (from the DO) is on holiday right 
now. Both types of strap are constructed from 718 strip, of thickness 2 mm and width 
31 mm. This should be formed into an arch of about 50 mm radius, so it looks like a 
short half cylinder. The the length of the wing straps, measured around the circumference is then 100 mm, 
and 150 mm for the lower 
straps. I am using 1.25 E-6 for 
the resistance of the 718.  Its 
yield strength is about 1000 
Mpa depending on its heat 
treated state. It would be better 
from the point of view of 
simplicity and also from the 
Remote Handling point of 
view if the straps were 
orientated so that the axis of 
the 50 mm arch is radial to the 
machine. So I think they 
should be this way round i.e. 
with the ends of the arch at the 
same height. If they are over 
stressed there might be some 
advantage in 
 
Figure 10.0-2 
”Dimpled” or upset 
Strap 
 
Figure 10.0-1 Forces on the 
strap for the curve axis aligned 
toroidally. 
 
Figure 10.0-3 VonMises Stress with the axis of the strap curve aligned along the 
local plasma tangent. (X is toroidal) Contours are “truncated” at 900 Mpa. Gray 
areas exceed this. 
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turning them so that the axis of the arch is toroidal. The current in the arch then crosses the main toroidal 
field producing a hoop stress, which the hoop is well disposed to carry in tension, but buckling may be 
more of a problem if the current is reversed. 
 
Figure 10.0-4 Von Mises Stress with the axis of the curve aligned with the tokamak toroidal direction. Contours are “truncated” at 900 
MPa. Gray areas exceed this. The stress in the larger radius area is mostly hoop stress is in the range of 200 to 300 Mpa, well within 
the capacity of 718 which has a yield of 1137 MPa. The dark blue rectangular sections at the ends are fully constrained. Full constraint 
by using full width clamping washers will substantially reduce the local stress. Full clamping implemented in the Solid Edge model  is 
shown in Figure 10.0-6  
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Figure 10.0-5 Toroidal Displacements in meters.  
 
Figure 10.0-6 Resisitive strap shown with its center of curvature 
aligned normal to the Toroidal field. Note the upset or dimpled 
geometry recommended in earlier memos. The lower straps are 
oriented with the axis of curvature parallel to the toroidal field. 
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Figure 10.0-8 Axis of curvature is normal to the toroidla field in this analysis.This is a Von Mises contour plot with the 
contour range selected such that the gray areas are above 900. This result looks a bit worse than for the axis orientation 
aligned with the toroidal field. Full width clamping appears to have been implemented and the gray areas will be 
constrained.  
 
Figure 10.0-9 UY displacement (vertical in this plot)  - The maximum is 1.14mm 
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11.0 Lower Attachments 
11.1 Lower Angle Clip Attachment Bolts 
 
Table 11.1-1 Loads for Resistive Earths 
Radial Fx(N) Poloidal Fy(N) Toroidal, Fz(N) 
8446 (7134 lbs) 27455 6099 
The lower attachment bolts must support the vector sum of the reaction loads in table 2 the more 
conservative of the two) 
 
 (84.5kN^2+27.45kN^2+6.1kN^2)^.5=29.4 kN  (Resistive Earths)  
 
(32kN^2+10kN^2+18kN^2)^.5=38.05 kN  “All Downward” Halo Currents 
 
A bolt diameter of 1.6cm  has a cross section of .0002011 m^2 and would have a stress of 189 Mpa. The 
Nimonic bolts have a yield of 700 Mpa for the elevated operating temperatures of the antenna,  and  would 
be adequate for the single attachment bolt at the lower angle clips 
 
From an email from Bob Walton:  
 
“You have said that the lower attachment bolts will carry 2.7 tonnes. The M16 nimonic bolts that we are 
using are more than capable of carrying this load.” 
 
 
 
 Figure 11.1-1 The Lower Attachment Detail from the Solid Edge Model 
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The lower attachment bolts must support the vector sum of the reaction loads in table 11.1-1. In this 
analysis the higher loads from the “All Downward” Halo current loading is used.   
(32kN^2+10kN^2+18kN^2)^.5=38.05 kN 
=8553 lbs. 
One proposed lower clip bolting design had conical ceramic inserts in tapered holes. The tapered hoes need 
to be precisely machined, and the “opposed” bolt on the outward face of the frame had to be precisely 
aligned for it to be assembled. The latest design uses ceramic flat washers and a complex through bolt/stud 
assembly.  Nimonic bolting material  
 
 
 
 
 
 
Ceramic Washer 
Stress:  
 
  Assume 2 cm OD and 1 cm 
ID washers. The compressive 
stress in the washer is 
34578/((.02^2-
.01^2)*pi/4)/6895 = 21284 
psi.  From ref [8], the 
ROKIDE A Aluminum Oxide 
material has a compressive 
strength of 37,000 psi
 
                                       Figure 11.2-2 
 
Figure 11.2-1 
 
Figure 11.2-3 
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11.3 Earlier Support Brackets 
 
 
This detail was a simplified 
representation of the early  lower 
attachment  detail, and showed the 
difficulties of supporting the frame 
from only below. The solution was t 
add the “wing” supports at the top of 
the frame. This introduced the 
possibility of additional current paths.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11.3-1 
 
Figure 11.3-2 The bending section modulus of a 5mm thick square 
tube is 8.24e-6 m^3. If this replaced two plate sections, it would 
have twice the bending strength. 
 
Figure 11.4-3 
The bending section modulus of theses small
Plate sections is only 2.025e-6m^3 
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12.0 Wire Support Spool Piece 
 
The original spool piece was a Macor machined ceramic 
component. This was first  replaced with a stacked set of ceramic 
washers, and subsequently with a machined spool made of Shapal. 
The Shapel material has a tensile strength of 294 MPa and a 
compressive strength of 1176 MPa. [11]  The spool piece is 
modeled as fixed at the “bottom”. Antenna loads are applied on 90 
degree quadrant of the groove. Only “downward” loads are 
modeled. These are calculated from 1292.0 amp Halo+Eddy 
currents. Tensile loads of 35 MPa result, a bit higher than the 30 
MPa design limit for Macor, but acceptable for Shapal and within 
the compressive load capacity of the ceramic spray. . The central 
bolt can be preloaded to bias the stresses in compression.  The 
currently available analysis is of an earlier configuration. In this 
earlier model, the centerline of the antenna wire is on a 2 cm radius, 
and the root of the groove is 3 cm diameter. The center hole is 
12mm. Measurements taken off the Solid Edge model are a bit 
smaller than the analysis model The compressive strength  for Shapel 
is 1176 MPa, Macor is  200 MPa, . From ref [8], the ROKIDE A 
Aluminum Oxide material has a compressive strength of 37,000 psi, 
or 255 MPa. The center post can be 718. From a 2-15 2001 email 
from Jim Zaks: Ten of the C-Mod 718 tile mounting screws were 
pull tested the average  yield was 148840 psi (1026Gpa) and the 
average ultimate was 185850 psi (1281 Gpa). Estimate the bending 
stress for the smaller build as 60 MPa. And preload a ¼ inch or 6mm 
center screw to supply this load. The load in the center screw would 
be (.022^2-.01^2)*pi/4*60 MPa = 18095 N. The stress would be 
18095/(.006^2*pi/4)=640 MPa, within an allowable preload stress 
for the 718 screw. Based on experience with a similar configuration 
 
Figure 12.0-2 Deep Groove in the ceramic 
should just load the spool piece in 
“downward” direction 
 
Figure 12.0-1 ceramic Corner Spool Piece Model.  
 
Figure 12.0-3 Measurements from the 
Solid Edge Model 
 
Macor 
Spool Piece
Groove  
Profiles 
 
Lower 
profile  
improves 
Side loads.
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used at C-Mod, ceramic spray of 
the screw/post, can’t be relied on 
to insulate the cracks between 
washers because the large tensile 
strain cracks the ceramic. An 
additional insulating wrap or 
sleeve is recommended. 
(Possibly Heat cleaned 3M 
Nextel tape or sleeve?) 
 
 
Figure 12.0-5 Shapal Cylinders, Run #15 2mOhm/3mOhm load case.  These are incorporated 
into the global model, and these and the antenna wires help resist the displacements of the 
frame. The stresses are 37 MPa for a smooth cylinder. Based on the analysis in figure 12.0-5, 
this might go up to 110 MPa in the notch, which is just about the allowable for Shapal 
 
Figure 12.0-4 November 2004 Spoolpiece with 1 mm imposed at 
the top. The reaction force was 1550.8N. Shapal has a tensile 
strength of 300 MPa.  
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The stack of ceramic disks was modeled with gap elements between the disks and center rod. The retaining 
washer on the end was modeled as welded, but no preload was applied. The higher modulus (303Gpa) of 
the Alumina was used. A 1 mm displacement was imposed on the end, modeling imposed displacements 
from the frame. These are computed to be .0004 with the wire and spoolpiece modeled – See Figure 8.1-5.  
 
With 1 millimeter imposed, the stresses in the 
ceramic disks are 902MPa  Von Mises 
(Compressive stress is actually a bit higher) 
and the tensile stress is 196MPa. These are 
plotted in figures 12.0-7, and 8. These stress 
levels are a consequence of the concentrated 
loading at the edge. If the stresses are scaled 
down by .4mm/1mm, they would be close to 
acceptable for the alumina. ( the compressive 
allowable for a brittle material should be no 
more than 1/3 the compressive strength.) 
Since the stresses are strain induced, the much 
lower modulus of the SHAPAL stresses 
would be reduced by the ratio of the modulus 
or 67/303 or 22% of the stresses for the 
alumina.  
    Before the analysis shown in figures 10.0-7 
and 8, the model was run with zero friction. 
The disks were not loaded. The stack simply 
slipped and sheared. With a friction factor of 
.3 in the model, the disks didn’t slip, they 
“bent”  and loaded the edges. I have attached 
my suggestion for the design. It would 
eliminate the edge loading and replace it with 
Hertzian contact stresses. The contact stress is 
proportional to the square root of the 
 
Figure 12.0-6 
 
Figure 12.0-7 Von Mises Stress, Alumina Disks 
 
Figure 12.0-8 Max Principal (tensile) Stress, Alumina Disks 
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load/inch times the modulus divided by the radius of curvature. To model this properly a fine mesh and 
many gap elements are needed. A radius like that shown in figure 12.0-9 should be sufficient. 
 
 
 
 
Figure 12.0-9 Edge Radius to Mitigate edge compressive stresses. 
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13.0 Thermal Loading on the Antenna Rods – Before the Addition of the Mini-
Limiters 
 
The addition of the mini-limiters should protect the antenna wire from particle flux during normal 
operation. Radiation remains. Thermal energy deposited during a disruption should be absorbed mostly by 
the mini-limiters. The discussion that follows dates from the time that a 1 cm antenna rod was used. The 
heat flux is a function of the wire area presented to the plasma, and the heat-up is a function of the wire 
mass. Both of these are linear in wire diameter, so the temperature will not be different for the 4 mm wire 
used in the final design. 
 
Normal Radiative Heat Flux = 225 kW/m^2, Thermal energy deposited during a disruption is 2MJ/m^2 
 
These will be deposited on the turn closest the plasma. The normal heat flux to the wire is then 
4*.01*.25*225000=2250 W, For a 20 sec flat top, the total energy deposited in the outer turn is 45000 J.  
Assuming a 20 millisec disruption, 2e6*.4*.01*.25= 400 J. The total for a disruption at the end of a shot is 
45400 J.  
The weight of the turn is .01^2*pi/4*.25*4*8470=.665 kg 
 
The specific heat of Inconel 600 is .106 BTU/lb-degF, 444 J/kg K so the temperature rise of the turn 
exposed to the plasma is: 45400/444/.665= 153K 
 
The expansion of one side of the antenna is 13.3e-6*.25*153=.00051126m There should be  ample room 
for expansion of this loop within the spool piece grooves. Elastic displacements of the frame and spool 
piece supports will be larger than this, and care should be taken to accommodate the displacements of the 
frame and spoolpiece without having the wires excessively load the ceramic.  
 
 
 
 
 
 
 
Figure 13.01-The early 1cm wire design. The wire was 
initially made out of Inconel 600.   Figure 13.0-2 The design as of November 2004. It has 18 
turns of 4mm Inconel 718 wire 
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14.0  Antenna Wire  Stresses 
 
    The number of turns, rod material 
and rod diameter have gone through a 
number of changes. The configuration 
as of April 15 2003. is 18 turns of 4mm 
Inconel 718 wire. The program used to 
calculate loading on the wires also 
calculated the loads on the original 
closed rectangular frame – so the wire 
stress results come from these older 
frame models.    The frame model was 
updated with the 60X120 inconel box 
“backbone” frame. “wings” and angle 
clips are modeled.. The antenna is 4mm 
718 wire with 18 turns, The large 
number of turns makes the model of the 
four antennas with the wires and spool 
pieces too large for a practical model.( 
In the April 2004 model, beam elements 
are used, but even these are too coarse 
for an accurate treatment of the wire)  
In the later analyses, Halo currents are 
much larger than previously treated, and the frame 
and antenna eddy currents are lower. The smaller 
diameter wire has reduced the loading due to the 
antenna-shorted-eddy currents to the point where the 
antennas can be removed from the structural model 
and analyzed separately. The model shown in figure 
1.0 includes a representation of an older antenna 
geometry. Results quoted in this memo are based on 
a model of only the frame loaded with Lorentz forces 
derived from the Halo current specification from 
V.Riccardo, dated March 31 2003[12].  
 
The qualification for the 4 mm antenna wire is 
presented in section 14.2 
 
14.1 Original Inconel 600 1 cm Wire/Rod 
 
Figure 14.2-1 Whole model results, Von Mises Stress 
 
Figure 14.1  10mm wire/rod stress 
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    For the first attempt at sizing the antenna “wire”, or more correctly, rod. The rod was 1 cm in diameter, 
and made from Inconel 600 with a yield of 45 ksi (310 MPa). The frame model and loading was analyzed 
as a time transient, with a half sine wave load history with the peak at 10 milliseconds. This was an update 
of the previously reported static analyses. The estimate 
of the dynamic load factor was replaced with a true 
transient dynamic analysis. This analysis utilized the 
un-reinforced bracket.  The rod stresses were a bit 
higher for the transient than they were for the static 
analysis. The model was also run with a smaller, 6mm 
rod diameter, without a recalculation of loads for the 
smaller diameter. Halo currents are calculated from the 
area “seen” by the plasma, and the eddy loads are 
calculated from the loop resistance, Both would reduce 
the calculated loading by a factor of .6.  The peak stress 
for the smaller rod from the analysis was 800 MPa. 
Scaled to the projected area, the stress would be 
480MPa, which was above the stress for the 1cm rod. 
The conclusion for this generation of the design was 
that the rod diameter should stay at 1cm. Local stresses 
for the 1cm rod analysis were at or above the 310 MPa 
yield, but well below the tensile ultimate of 95 
ksi(655MPa). The peak stresses occur near where the 
rods have been cold bent to the antenna corner radius, This region has been work hardened, and probably 
would stay elastic.  
 
 
 
 
Figure 14.1-2   6mm wire stress 
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Figure 14.3 Analysis of the two wire sizes with the same loading.  
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14.2   4mm 718 wire 
 
Disruption loads were re-calculated for the higher 
resistance of the smaller diameter wire. The wire 
current went from 292 amps to 46.7 amps.  The antenna 
model was updated for the 4 mm wire diameter. This 
was analyzed as a time transient, with a half sine wave 
load history with the peak at 10 milliseconds. Halo 
currents were omitted.  4mm wire model produced a 
peak stress of  236 MPa at .01 sec,  below the 310 MPa 
yield of the Inconel 600, and well below the tensile 
ultimate of 95 ksi(655MPa).  
 
 
From Bob Walton: 
 
My preference for the material of 
the antenna windings would be 
inconel > 718. We could have used 
2 mm 718 wire (and placed more 
coils closer to the > plasma) but 
it was felt that 4 mm wire gives a 
greater safety margin for > what is a fairly fragile structure. For 
example, the windings could be hit > by a UFO or someone might stand 
on them. But if 600 or 625 was used, the > advantage would be lost. 
It is better to age and temper the 718 after  forming into a coil. 
OK, for the sake of UFO’s  
 
   The original spec that was 
being used was entitled "TAE 
Antenna Preliminary Design - 
Material Specifications", which 
specified Inconel 600 for the 
wire. Use of  Inconel 718 would 
offer more stress margin, but 
might be hard to bend, but it has 
been pointed out that the bending 
operation could be don prior to 
heat treatment/precipitation 
hardening of the 718 
 
 
14.3   Local Dynamic 
Rsponse of the 4mm 718 
wire 
 
In response to the question:  
 
“What would be the movement 
of the coil wire (inconel 718) 
under stress and thermal cycling? what would be the response of the turns to low-frequency oscillations, 
such as those produced by the sweep frequency of the thrystors in the poloidal field system ( ~300Hz plus 
all the harmonics) or the vertical stability/divertor coil control (~20Hz)? would this movement be sufficient 
 
Figure 14.2-1 April 2003 Design of the antenna 
winding, 18 turns of 4mm wire 
 
Figure 14.2 -2    4 mm Wire Von Mises Stress 
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to make two turns touch each other, hence producing a short at sufficiently high voltage (Tom says >15V) 
to produce a local arc?” 
 
 In discussions with Joe Snipes, he estimated the 
normal current in the antenna to be 9 to 10 amps. If 
the variation in the poloidal field due to the 
Thyristor sweep was of order 10%, or 
.1*(.4^2+1.2^2)^.5=.126Tesla, and the load in one 
length of the wire would be 
10amps*.126Tesla*.12m= .15N. –Not enough to 
worry about. The limiting load still derives from 
the disruption eddy currents. Halo currents are 
supposed to be intercepted by the mini-limiters.  
The transient dynamic analysis for this loading 
produced only 236 MPa peak stress. 718 was 
chosen for ruggedness during handling, not so 
much because of identified loads. I don’t have a 
displacement solution readily at hand but 
displacements of the wire were very  small with 
respect to the global model displacements which 
were less that one cm for the early cantilevered 
design that included the wire.  
    The frequency of a single span of wire is greater 
than 500 hz – probably closer to 1000 Hz for the 
clamped ends condition. It will not resonate 
appreciably with small 20, or 300 Hz driving 
forces.  The participation of higher modes should 
be smaller still given the deflected shapes of the 
higher modes.   
 
Probably a more rational concern is prying action 
of even small wire deflections acting against the 
ceramic. This might argue for retention of the 
ceramic sprayed steel washer stack for the insulator 
post. – At lease the spool piece grooves should not 
be tight fitting.  
 
 
 
 
 
let e=200e9 
let l=.120 
let d=.004 
let I=pi/64*d^4 
let a=pi*d^2/4 
let dens=8900 
let mui=dens*a 
let f1=9.97/2/pi*(E*I/mui/l^4)^.5 
let f2=39.37/2/pi*(E*I/mui/l^4)^.5 
let f3=88.9/2/pi*(E*I/mui/l^4)^.5 
let f4=158/2/pi*(E*I/mui/l^4)^.5 
 
print f1,f2,f3,f4 
end 
 
522.36346   2062.7332  4657.7845    
8278.1772  
 
